1. Introduction {#sec1-cells-09-00880}
===============

Rheumatoid arthritis (RA) is a chronic autoimmune disease affecting the joints. It is characterized by a progressive symmetric inflammation of affected joints resulting in cartilage destruction, bone erosion, and disability \[[@B1-cells-09-00880]\]. While initially only a few joints are affected, in later stages many joints are affected and extraarticular symptoms are common (see below) \[[@B2-cells-09-00880]\].

With a prevalence ranging from 0.4% to 1.3% of the population depending on both sex (women are affected two to three times more often than men), age (frequency of new RA diagnoses peaks in the sixth decade of life), and studied patient collective (RA frequency increases from south to north and is higher in urban than rural areas) \[[@B1-cells-09-00880],[@B2-cells-09-00880],[@B3-cells-09-00880],[@B4-cells-09-00880],[@B5-cells-09-00880]\], RA is one of the most prevalent chronic inflammatory diseases \[[@B1-cells-09-00880]\].

Clinically, the symptoms of RA significantly differ between early stage RA and insufficiently treated later stages of the disease. Early stage RA is characterized by generalized disease symptoms such as fatigue, flu-like feeling, swollen and tender joints, and morning stiffness; and is paralleled by elevated levels of C-reactive protein (CRP) and an increased erythrocyte sedimentation rate (ESR) \[[@B6-cells-09-00880]\]. In contrast, insufficiently treated RA displays a complex clinical picture with the occurrence of serious systemic manifestations such as pleural effusions, lung nodules and interstitial lung disease, lymphomas, vasculitis in small or medium-sized arteries, keratoconjunctivitis, atherosclerosis, hematologic abnormalities (e.g., anemia, leukopenia, neutropenia, eosinophilia, thrombocytopenia, or thrombocytosis), joint malalignment, loss of range of motion, bone erosion, cartilage destruction, and rheumatic nodules (in detail reviewed in \[[@B1-cells-09-00880],[@B2-cells-09-00880],[@B7-cells-09-00880]\]). Taken together, these systemic manifestations caused by the chronic inflammatory state in RA patients result in an increased mortality.

2. Development of Rheumatoid Arthritis {#sec2-cells-09-00880}
======================================

While the cause of RA is unknown, both genetic and environmental factors were shown to contribute to RA development \[[@B8-cells-09-00880]\] ([Figure 1](#cells-09-00880-f001){ref-type="fig"}). As it is hypothesized for other autoimmune diseases, it is likely that the initial establishment of RA requires two separate events: (1) genetic predisposition of the respective patient resulting in the generation of autoreactive T and B cells, and (2) a triggering event, such as viral and bacterial infections or tissue injury, providing the activated Antigen-presenting cells (APCs) to activate the previously generated autoreactive lymphocytes, resulting in disrupted tolerance and subsequent tissue/organ destruction. Therefore, RA likely develops in genetically predisposed individuals due to a combination of genetic variation, epigenetic modification, and environmental factors initiated by a stochastic event (e.g., injury or infection) \[[@B1-cells-09-00880]\]. Risk factors for the development of RA were reported to include smoking, obesity, exposition to UV-light, sex hormones, drugs, changes in microbiome of the gut, mouth, and lung, periodontal disease (periodontitis), and infections \[[@B1-cells-09-00880],[@B2-cells-09-00880],[@B5-cells-09-00880],[@B7-cells-09-00880],[@B9-cells-09-00880],[@B10-cells-09-00880]\]. Among these factors, the link between periodontal diseases and RA development is especially interesting.

While the association between periodontitis and RA development was recognized as early as the 19th century \[[@B11-cells-09-00880]\], recent studies have demonstrated that infections with the common periodontal bacterium *Porphyromonas gingivalis* can result in the induction of autoimmune responses via the citrullination of host peptides \[[@B2-cells-09-00880],[@B9-cells-09-00880]\]. During this process, which is catalyzed by the enzyme protein arginine deiminase (PAD), positively charged arginine residues of "self" proteins are converted into neutral citrulline residues, resulting in a net loss of surface charge, an increased susceptibility of the citrullinated "self" proteins to protein degradation, and the generation of neoepitopes \[[@B2-cells-09-00880],[@B9-cells-09-00880]\].

This breach of local tolerance by *P. gingivalis* expressing PADi4 (facilitating the conversion of arginine to citrulline) promotes autoimmune responses as well as the downstream generation of anti-citrullinated protein antibodies (ACPAs) \[[@B12-cells-09-00880]\]. In addition, other viral (Epstein--Barr virus) and bacterial infections (*Proteus mirablis, Escherichia coli*) were suggested to trigger the development of RA by mechanisms of molecular mimicry caused by similarities between amino acid sequences of "self" antigens and certain bacterial- or viral proteins \[[@B1-cells-09-00880],[@B7-cells-09-00880],[@B13-cells-09-00880],[@B14-cells-09-00880],[@B15-cells-09-00880]\].

Besides citrullination, carbamylation of lysine residues also contributes to the generation of neoepitopes from several "self" proteins (e.g., collagen, fibrinogen, or vimentin) and the subsequent breaking of immunological "self" tolerance \[[@B7-cells-09-00880],[@B16-cells-09-00880]\].

Since both a family history of RA increases the risk to develop RA three to five times and concordance risk rates in identical twins are increased compared to both non-related control collectives and non-identical twins, we have to assume that genetic factors also contribute to RA development \[[@B1-cells-09-00880],[@B17-cells-09-00880]\].

Genome wide association studies using single nucleotide polymorphisms (SNPs) have suggested more than 100 loci to be associated with RA development \[[@B1-cells-09-00880],[@B18-cells-09-00880]\]. As expected, many of these loci are involved in the induction, regulation, and maintenance of immune responses and are shared with other chronic inflammatory diseases. Some of the RA risk factors are the presence of certain HLA alleles \[[@B19-cells-09-00880]\], alterations in co-stimulatory pathways (e.g., via changes in CD28 or CD40 expression) \[[@B20-cells-09-00880]\], as well as changes in innate immune cell activation \[[@B21-cells-09-00880]\], lymphocyte activation thresholds (e.g., PTPN22) \[[@B22-cells-09-00880]\], or cytokine signaling \[[@B1-cells-09-00880]\]. Among the genes contributing to RA development, HLA-DRB1 alleles (DRB1\*01 and DRB1\*04; DQ8) account for approximately 50% of the observed genetic susceptibility \[[@B2-cells-09-00880],[@B23-cells-09-00880],[@B24-cells-09-00880]\]. Studies have suggested that these HLA alleles, which share amino acid sequences within their peptide binding grooves, are able to preferentially present certain peptide epitopes derived from relevant RA autoantigens \[[@B1-cells-09-00880],[@B25-cells-09-00880]\]. In addition, some of these HLA-DRB1 alleles are associated with more aggressive bone erosion and increased mortality rates \[[@B26-cells-09-00880]\].

Taken together, these findings suggest a strong T cell-dependent component in RA and indeed Th1 and Th17 T cell subsets are the predominant cell types found in the inflamed synovial tissue (see also below "pathomechanism of RA") \[[@B2-cells-09-00880],[@B27-cells-09-00880]\].

3. Pathomechanism of RA {#sec3-cells-09-00880}
=======================

In RA autoimmune tissue destruction presents as synovitis, an inflammation of the joint capsule consisting of the synovial membrane, synovial fluid, and the respective bones \[[@B7-cells-09-00880]\]. This joint inflammation is initiated and maintained by a complex interplay between different dendritic cell (DC) subtypes, T cells, macrophages, B cells, neutrophils, fibroblasts, and osteoclasts. Since the ubiquitously present RA-specific autoantigens cannot be completely cleared, this continuous immune cell activation results in a self-perpetuating, chronic inflammatory state in the joint and swelling of the synovial membrane that is recognized by the affected patients as pain and joint swelling \[[@B1-cells-09-00880]\]. This chronic inflammatory milieu in the arthritic joint in turn leads to an expansion of the synovial membrane termed "pannus" which invades the periarticular bone at the cartilage--bone junction, resulting in bone erosion and cartilage degradation \[[@B7-cells-09-00880]\].

3.1. Contribution of Dendritic Cells to Establishment and Maintenance of Inflammation in RA {#sec3dot1-cells-09-00880}
-------------------------------------------------------------------------------------------

DCs have a critical function in regulating immune responses by taking up, processing, and presenting antigens to naïve T cells. In this context, the DC phenotype, characterized by the expression of surface molecules and the production of both cytokines and chemokines, determines the balance between either immune system activation or the induction and maintenance of tolerance.

Accumulating evidence suggests that both an altered distribution and function of DCs in RA as well as other autoimmune diseases contribute to autoimmune inflammation (reviewed in \[[@B28-cells-09-00880]\]). In this context, a reduced frequency of both conventional DCs and plasmacytoid DCs in the plasma of RA patients was reported \[[@B29-cells-09-00880]\], likely caused by an enhanced migration of DCs to the inflamed joint \[[@B28-cells-09-00880]\]. This DC recruitment was hypothesized to be mediated by an increased expression of CCR6 on the DCs, with CCR6 being the receptor for the chemokine CCL20 which is highly expressed in synovial tissue \[[@B30-cells-09-00880]\].

Once attracted to the joint, mature DCs were shown to produce the cytokines IL-12 and IL-23 which promote antigen-specific Th17 responses, resulting in imbalances between Th1-, Th2-, and Th17 responses \[[@B31-cells-09-00880],[@B32-cells-09-00880],[@B33-cells-09-00880]\]. In this context, especially CD14^+^CD1a^+^CD1c^+^ inflammatory DCs (locally differentiating from monocytes invading the inflamed joint) in synovial fluid were suggested to play an important role in the pathogenesis of RA by effectively activating Th17 cells in RA joints via their production of TGF-β, IL-1β, IL-6, and IL-23 \[[@B31-cells-09-00880]\].

Moreover, activated plasmacytoid dendritic cells (pDCs) were also reported to contribute to overall inflammation in RA patients via the secretion of IFN-α, IFN-β, IL-18, and IL-23. In addition, pDCs may promote the production of autoantibodies (see below) via the expression of anti-apoptotic B cell activating factor (BAFF) \[[@B32-cells-09-00880]\]. In line with this, ACPA seropositive RA patients have been shown to have higher numbers of pDCs in the synovium than their ACPA negative counterparts \[[@B32-cells-09-00880]\]. RA patients also show an increased transcriptional activity of interferon-stimulated genes. Thus, IFNs might have an important role both in the initial loss of "self" tolerance as well as in the chronic, established phase of RA \[[@B34-cells-09-00880],[@B35-cells-09-00880]\].

Therefore, enhanced pro-inflammatory cytokine production in conjunction with the activated status of DCs may promote the presentation of autoantigens to T cells and the perpetuation of inflammatory responses. In addition to changes in cytokine secretion, DC activation in the inflammatory milieu of the synovium also modulates the expression pattern of e.g., chemokine receptors regulating DC migration. For example, DCs in RA synovium were shown to express lower levels of CCR7, resulting in reduced emigration rates of mature DC from inflamed tissues and the maintenance of local inflammation \[[@B30-cells-09-00880],[@B36-cells-09-00880]\].

3.2. Joint Inflammation in RA is Mediated by T cells, B cells, Macrophages, and Fibroblasts {#sec3dot2-cells-09-00880}
-------------------------------------------------------------------------------------------

Initiated by both epithelial cells in the synovium and activated antigen presenting cells priming autoantigen-specific T- and B cell responses in both lymph nodes and local tissues, the main infiltrating cells in the affected joints are T cells, B cells, and monocytes \[[@B7-cells-09-00880]\].

Activated T cells migrating to the synovium locally interact with resident macrophages, dendritic cells, synoviocytes, and osteoclasts. Here, several T cell subsets and their complex interactions likely contribute to RA pathology (reviewed in \[[@B37-cells-09-00880]\]).

Via their secretion of IL-2, IFN-γ, and TNF-β, Th1 cells potently provide help to other immune cells, resulting in the activation of macrophages and B cells, thereby initiating and perpetuating inflammatory responses in the synovium \[[@B37-cells-09-00880],[@B38-cells-09-00880],[@B39-cells-09-00880]\]. In addition to their helper function in RA inflammation, CD4^+^CD28^null^ cells co-expressing perforin and granzymes, molecules more commonly found in CD8^+^ cytotoxic T cells, were recently shown to be increased in peripheral blood of a subset of RA patients \[[@B40-cells-09-00880],[@B41-cells-09-00880],[@B42-cells-09-00880]\]. Moreover, CD4^+^ cells expressing perforin have been observed in synovial fluid and tissue \[[@B42-cells-09-00880],[@B43-cells-09-00880],[@B44-cells-09-00880]\], suggesting that these cells might contribute to tissue damage and the maintenance of inflammation in RA patients.

In addition, an increased frequency of CXCR5^+^ICOS^+^CD4^+^ T follicular helper cells correlating with both ACPA titers and overall disease severity was reported in peripheral blood of RA patients \[[@B45-cells-09-00880],[@B46-cells-09-00880],[@B47-cells-09-00880]\]. However, currently, their contribution to RA pathology is unclear.

Th17 cells, induced by the cytokines IL-6, IL-1β, IL-21, TGF-β, and IL-23 present in synovial joints \[[@B48-cells-09-00880],[@B49-cells-09-00880]\], were shown to recruit neutrophils, activate B cells, and promote osteoclastogenesis \[[@B50-cells-09-00880],[@B51-cells-09-00880]\]. However, the role of IL-17A in RA is up for debate, since therapeutic targeting of either IL-17A or the IL-17R showed lower efficacy than for example in the treatment of psoriasis \[[@B52-cells-09-00880],[@B53-cells-09-00880]\]. Moreover, anti-TNF-α treatment was shown to trigger IL-10 production from human Th17 cells \[[@B54-cells-09-00880]\], suggesting that Th17 cells could also have immunosuppressive capacities in RA. Therefore, it was suggested, that Th17 cells may be important during early stages of the disease, while in later stages Th1 cells differentiated into cytotoxic CD4^+^ T cells may drive both direct tissue damage and pro-inflammatory cytokine production \[[@B37-cells-09-00880]\].

Moreover, the delicate balance between effector and regulatory T (Treg) cell subsets is likely to influence both disease establishment and progression. Here, studies suggest that the inflammatory milieu in RA patients may contribute to (1) Treg dysfunction preventing the control of autoreactive T cells and (2) differentiation of Tregs into pathologic T cells. In line with this hypothesis, CD4^+^CD25^+^Foxp3^+^ Tregs with the potential to convert into pathogenic Th17 cells were shown to accumulate in inflamed synovium \[[@B55-cells-09-00880],[@B56-cells-09-00880]\]. Moreover, Tregs in RA patients were shown to locally lose their suppressive capacity in synovial fluid while Tregs in peripheral blood retained their suppressive properties \[[@B57-cells-09-00880]\]. Finally, a distinct population of Tregs with TGF-β-dependent suppressive capacity could be induced by inhibition of TNF-α \[[@B58-cells-09-00880],[@B59-cells-09-00880]\].

3.3. Contribution of Cytokines to Inflammation in RA {#sec3dot3-cells-09-00880}
----------------------------------------------------

As signaling molecules both among immune cells as well as between immune- and tissue cells, cytokines have an important function in the establishment of RA inflammation. The main effector cytokines produced by infiltrating T cells are tumor necrosis factor (TNF)-α, IL-17A, interferon (IFN)-γ, and receptor activator of nuclear factor KB ligand (RANK-L) \[[@B1-cells-09-00880]\] ([Figure 2](#cells-09-00880-f002){ref-type="fig"}).

Especially TNF-α, which is also produced by synovial macrophages, B-, and NK-cells is one of the most important mediators of joint inflammation in RA \[[@B60-cells-09-00880]\]. It is present in most arthritic biopsies and its overexpression induces spontaneous inflammation in various rodent arthritis models \[[@B61-cells-09-00880]\]. Early in vitro studies demonstrated that TNF-α could induce both cartilage degradation \[[@B62-cells-09-00880]\] and bone resorption \[[@B63-cells-09-00880]\]. Recently, TNF-α was also shown to enhance RANK-L secretion by osteocytes which further promotes osteoclastogenesis \[[@B64-cells-09-00880]\]. Interestingly, some studies pointed out that TNF-α can also directly induce the differentiation of monocyte/macrophage lineage cells into osteoclasts by a RANK-L-independent mechanism \[[@B65-cells-09-00880],[@B66-cells-09-00880],[@B67-cells-09-00880]\]. The other important role of TNF-α in the pathogenesis of RA is its ability to induce the production of other inflammatory cytokines, such as IL-1β and IL-6, which attract leukocytes and promote the establishment of an inflammatory milieu in the synovium \[[@B60-cells-09-00880]\].

IL-17A produced by Th17 cells promotes both the production of the pro-inflammatory cytokines IL-6, IL-8, and GM-CSF from epithelial, endothelial, and fibroblastic cells \[[@B68-cells-09-00880]\] and neutrophil recruitment \[[@B69-cells-09-00880]\], which leads to local inflammation and promotes disease progression. By these actions, IL-17A contributes to bone erosion, cartilage destruction, and neoangiogenesis in RA patients \[[@B70-cells-09-00880]\]. IL-17A triggers differentiation of osteoclast progenitors into mature osteoclasts and promotes RANK-L production by osteoblasts and synoviocytes, resulting in both reduced bone formation and enhanced bone erosion \[[@B71-cells-09-00880],[@B72-cells-09-00880],[@B73-cells-09-00880]\]. In addition, IL-17A was shown to also promote matrix metalloproteinase (MMP)-1 production by synoviocytes, leading to cartilage destruction \[[@B74-cells-09-00880]\]. Angiogenesis plays a critical role in the pathogenesis of RA (see [Section 3.5](#sec3dot5-cells-09-00880){ref-type="sec"}). In this context, IL-17A was shown to enhance both endothelial cell migration \[[@B75-cells-09-00880]\] and the production of vascular endothelial growth factor (VEGF) by synovial fibroblasts \[[@B76-cells-09-00880]\].

Another important cytokine in the pathology of RA is IFN-γ. RA patients have high levels of IFN-γ in plasma, synovial tissue, and synovial fluid \[[@B77-cells-09-00880],[@B78-cells-09-00880]\]. IFN-γ is produced by T cells, B cells, NK cells, monocytes/macrophages, DCs, and neutrophil granulocytes \[[@B79-cells-09-00880],[@B80-cells-09-00880],[@B81-cells-09-00880],[@B82-cells-09-00880],[@B83-cells-09-00880]\]. It binds to the ubiquitously expressed IFN-γ receptor where it triggers the activation of IFN-stimulated genes via multiple pathways including the Janus activated kinase-signal transducer and activator of transcription 1 (JAK--STAT1) pathway as well as the mitogen activated protein (MAP) kinase-, phosphatidylinositol 3-kinase (PI3K)-, and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-pathways \[[@B84-cells-09-00880],[@B85-cells-09-00880],[@B86-cells-09-00880]\]. By these actions, IFN-γ enhances antigen presentation and macrophage activation \[[@B86-cells-09-00880]\]. IFN-γ-activated macrophages and monocytes in turn produce the chemokine CXCL10 which promotes differentiation of osteoclasts by inducing RANK-L and TNF-α secretion from CD4^+^ T cells \[[@B87-cells-09-00880],[@B88-cells-09-00880]\]. Moreover, B cell-derived IFN-γ was shown to inhibit Treg differentiation in a murine model of proteoglycan-induced arthritis, thereby further promoting autoimmune responses \[[@B82-cells-09-00880]\].

Therefore, IFN-γ contributes to the establishment of early inflammation in RA by the above discussed mechanisms. However, it was also suggested to have tissue-protective effects in later stages of the disease by inhibiting for example RANK--RANK-L-mediated osteoclastogenesis, neutrophil influx, TNF-α-dependent synoviocyte proliferation, production of degradative enzymes, release of prostaglandin E2 and granulocyte-macrophage colony-stimulating factor (GM-CSF) (reviewed in \[[@B86-cells-09-00880],[@B89-cells-09-00880]\]).

RANK-L, a member of the TNF superfamily, is an important regulator of bone regeneration and remodeling \[[@B90-cells-09-00880]\]. RANK-L binds to RANK and induces osteoclastogenesis \[[@B90-cells-09-00880]\]. Under normal physiological conditions, RANK-L is mainly produced by osteoblasts. However, in RA joints, immune cells (Th17 cells, macrophages, DCs, and activated B cells) \[[@B91-cells-09-00880],[@B92-cells-09-00880]\] and fibroblast-like synoviocytes \[[@B93-cells-09-00880]\] are the main source of RANK-L. In RA patients, RANK-L induces an abnormal activation of osteoclasts, resulting in bone destruction \[[@B93-cells-09-00880]\]. In line with this, RANK-L knockout mice were protected from serum transfer-induced arthritis \[[@B94-cells-09-00880]\].

Macrophages activated in the pro-inflammatory milieu of the inflamed synovium in turn produce additional pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) that contribute to increased inflammation by recruiting and activating other innate immune cells (e.g., neutrophils) to the site of synovitis. Activated neutrophils subsequently release high levels of oxidants, cytokines, and inflammatory agents including TNF-α, proteases, phospholipases, defensins, and myeloperoxidases at the site of RA in affected joints which further contribute to joint destruction \[[@B95-cells-09-00880],[@B96-cells-09-00880]\].

Moreover, the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α also both initiate and perpetuate the production of further degradative enzymes (e.g., MMPs) \[[@B97-cells-09-00880],[@B98-cells-09-00880]\] and prostaglandins \[[@B62-cells-09-00880]\]. In addition, RANK-L produced by cytokine-activated fibroblasts in combination with TNF-α and IL-6 from activated immune cells induces the differentiation of macrophages and preosteoclasts into osteoclasts that are specialized in the degradation of bone material \[[@B1-cells-09-00880],[@B7-cells-09-00880],[@B99-cells-09-00880]\].

Activated fibroblasts not only produce RANK-L and MMPs directly contributing to local joint damage but also migrate between joints, promoting inflammation at other joints (explaining the symmetrical character of the disease) \[[@B100-cells-09-00880]\]. Therefore, besides activation of resident and infiltrating immune cells, joint inflammation in RA is also characterized by a specific tissue response in which local fibroblasts assume an aggressive pro-inflammatory phenotype characterized by matrix regulatory, osteoclast-generating, and invasive properties \[[@B101-cells-09-00880],[@B102-cells-09-00880]\].

3.4. Contribution of B Cells and Autoantibodies to the Pathogenesis of RA {#sec3dot4-cells-09-00880}
-------------------------------------------------------------------------

Antibodies, resulting from aberrant activation of autoreactive B cells, also significantly contribute to the pathology of RA by immune complex formation and subsequent complement activation \[[@B103-cells-09-00880]\]. Here, the two main types of autoantibodies found in RA are rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPAs). The presence of these two autoantibodies defines a patient as having "seropositive" RA \[[@B17-cells-09-00880]\]. While the pathology of RA can be heterogenous, the presence of RF and ACPA autoantibodies was correlated to aggravated disease symptoms, joint damage, and increased mortality \[[@B1-cells-09-00880]\].

RF autoantibodies are pentameric IgM antibodies that bind to the Fc portion of human immunoglobulin G (IgG). RF is found in 69% of patients with RA and has a specificity of 60%--85% for the disease \[[@B104-cells-09-00880],[@B105-cells-09-00880]\]. Of note, RF can also be detected both in other disease states (e.g., infections, certain types of cancer, and other rheumatic diseases) as well as in healthy patients \[[@B106-cells-09-00880]\].

ACPA autoantibodies, which can be either of the IgG-, lgA-, or lgM-isotype, can bind to citrullinated protein residues of many "self" proteins such as for example type II collagen, histones, fibrinogen, fibronectin, vimentin, and α-enolase \[[@B107-cells-09-00880],[@B108-cells-09-00880]\]. Similar to RF, ACPAs are found in 60--80% of RA patients, but their specificity for the disease is up to 85--99% \[[@B109-cells-09-00880]\]. The risk of onset of disease in patients positive for RF and ACPAs is 40% \[[@B110-cells-09-00880]\].

Interestingly, in a condition called pre-rheumatoid arthritis, ACPAs can be detected in the blood circulation of patients up to 10 years before the patients experience the first disease symptoms, making the presence of these antibodies a highly valuable tool for the diagnosis of early disease stages. Both ACPA concentrations and epitope diversity increase alongside the concentration of pro-inflammatory cytokines over the course of the disease and ACPAs were shown to contribute to RA pathology by either activation of macrophages, activating osteoclasts by immune complex formation, or directly promoting bone loss via binding to citrullinated vimentin found in bone membranes \[[@B1-cells-09-00880],[@B103-cells-09-00880]\].

Studies showing a correlation between the presence of ACPAs and the risk of developing bone erosions have suggested ACPAs to be involved in bone erosion \[[@B111-cells-09-00880],[@B112-cells-09-00880],[@B113-cells-09-00880]\]. Here, ACPAs may increase bone resorption by either (1) immune complex-mediated activation of macrophages which in turn secrete pro-inflammatory cytokines (e.g., TNF-α, RANK-L) promoting the differentiation of osteoclasts (see above) or (2) the direct recognition of citrullinated proteins on the surface of osteoclast precursor cells resulting in efficient osteoclast generation (reviewed in \[[@B114-cells-09-00880]\]). Moreover, both IL-8-dependent osteoclast differentiation and activation by ACPAs was related to joint pain \[[@B115-cells-09-00880]\], suggesting that ACPAs also actively contribute to the development of joint pain.

However, not all ACPAs seem to be equally detrimental in RA, since ACPAs are usually present in patient´s sera for years without causing disease symptoms. Here, recent data suggested that differences in ACPA glycosylation patterns might account for the observed differences between pathologic and non-pathologic ACPAs \[[@B114-cells-09-00880],[@B116-cells-09-00880]\]. Especially hyposialysation at position Asn297 in the fragment crystallizable region of ACPAs was shown to generate highly pathogenic ACPAs \[[@B116-cells-09-00880]\], and endoglycosylase treatment of IgG antibodies was shown to reduce the severity of collagen type II-induced RA in a mouse model \[[@B117-cells-09-00880]\]. Since the constant region of an antibody is mainly responsible for the respective antibody's effector function, differences in glycosylation pattern can significantly change the antibody´s biological effects even when the variable, antigen-binding part of the respective antibody is unchanged.

In line with these results, both galactosylation and sialylation levels of ACPAs were shown to decrease in ACPA-positive RA patients in the timeframe shortly before first onset of RA symptoms \[[@B118-cells-09-00880],[@B119-cells-09-00880],[@B120-cells-09-00880]\]. Mechanistically, IL-21 and IL-22 produced by Th17 cells in the inflamed joint were suggested to trigger the release of pathogenic, hyposialysated ACPAs by reducing expression of the enzyme sialyltransferase ST6GAL1 \[[@B114-cells-09-00880]\].

3.5. RA also Results in Neovascularization {#sec3dot5-cells-09-00880}
------------------------------------------

Moreover, the inflammatory processes in the joints of RA patients are often paralleled by neovascularization (growth of new blood vessels) and synoviocyte hyperplasia (excessive proliferation of synoviocytes) \[[@B121-cells-09-00880],[@B122-cells-09-00880]\].

The prolonged exposure of synoviocytes to the inflammatory milieu of the arthritic joint was shown to result in a transformed, cancer-like phenotype characterized by both uncontrolled proliferation and reduced sensitivity towards apoptosis \[[@B123-cells-09-00880],[@B124-cells-09-00880]\]. This phenotype was suggested to result from an accumulation of mutations and epigenetic changes, e.g., somatic mutation of the tumor suppressor gene p53 in RA synovium rather promoting p21-mediated cell cycle arrest than apoptosis \[[@B125-cells-09-00880],[@B126-cells-09-00880],[@B127-cells-09-00880],[@B128-cells-09-00880]\] under these inflammatory conditions.

In light of the observation, that later stages of RA may be refractory to immunological treatment approaches, these results suggest that late stage RA may have characteristics of a cell-autonomous genetic and epigenetic synoviocyte disease, characterized by altered cell death pathways \[[@B128-cells-09-00880]\].

4. Diagnosis of RA {#sec4-cells-09-00880}
==================

Clinically, RA patients typically present with a recent onset of tender and swollen joints, morning joint stiffness, generalized sickness symptoms (see above), as well as abnormal laboratory tests \[[@B1-cells-09-00880]\]. Timely and precise diagnosis is of high importance in RA treatment, since early diagnosis can arrest disease in many patients, thereby preventing or substantially slowing disease progression, irreparable joint damage, and disability in up to 90% of RA patients \[[@B7-cells-09-00880]\].

Typically, RA is diagnosed by a combination of patient's symptoms, results of doctor´s examination, assessment of risk factors, family history, joint assessment by ultrasound sonography, and assessment of laboratory markers such as elevated levels of CRP and ESR in serum and detection of RA-specific autoantibodies (already discussed above) \[[@B7-cells-09-00880],[@B129-cells-09-00880]\].

Both ultrasound and MRI have been recommended for diagnosing and monitoring disease activity in RA patients \[[@B130-cells-09-00880]\]. Ultrasound analysis (e.g., as high-resolution musculoskeletal ultrasound) of inflamed joints allows imaging of synovial proliferation by grayscale as well as both active inflammation and neoangiogenesis by power Doppler \[[@B131-cells-09-00880]\]. In addition, ultrasound is able to identify bone erosions \[[@B132-cells-09-00880]\], as well as subclinical synovitis that may result in radiographic disease progression even if the patient is in apparent clinical remission \[[@B133-cells-09-00880],[@B134-cells-09-00880]\]. Due to these capabilities, ultrasound is widely used in clinical practice as well as in clinical trials for the diagnosis of RA and the monitoring of disease states \[[@B135-cells-09-00880]\].

The advantages of ultrasound are its relatively low cost, wide availability, lack of contraindications, and non-invasive real-time imaging capabilities. Disadvantages are that ultrasound is considered an operator-dependent technology because of it being training-intensive in terms of both measurement and quality assessment \[[@B135-cells-09-00880]\].

While being a very sensitive diagnostic tool to detect e.g., synovial hypertrophy or pannus formation before the occurrence of bone erosion, routine usage of magnetic resonance imaging (MRI) techniques (preferably contrasted) in the diagnosis of RA is limited by cost factors and the limited capacity to image multiple joints in one measurement \[[@B2-cells-09-00880],[@B136-cells-09-00880]\].

As clinical biomarkers, CRP and ESR are routinely used to determine the general inflammatory state of RA patients. CRP is an acute phase reactant, composed of five 23-kDa subunits belonging to the pentraxin protein family. Its serum concentration can increase by three or more log steps in the presence of either infection, inflammation, or tissue injury \[[@B137-cells-09-00880],[@B138-cells-09-00880]\]. Triggered by the cytokines IL-6, IL-1β, and TNF-α, the main sources of CRP production are hepatocytes, but also to a lower extent vascular smooth muscle cells, monocytes, lymphocytes, adipocytes, and neurons \[[@B138-cells-09-00880],[@B139-cells-09-00880],[@B140-cells-09-00880],[@B141-cells-09-00880],[@B142-cells-09-00880]\].

As immunological effector function, CRP both activates the classical complement pathway and stimulates the influx and phagocytotic activity of neutrophils \[[@B143-cells-09-00880],[@B144-cells-09-00880]\]. Moreover, interaction of CRP with the Fc gamma receptors FcγRI and FcγRIIA was shown to promote both survival and proliferation of macrophages as well as pro-inflammatory cytokine production and subsequent amplification of inflammation via production of MMPs, secretion of monocyte chemoattractant protein-1 (MCP-1) and macrophage colony-stimulating factor (M-CSF), and inhibition of the anti-inflammatory cytokine IL-10 \[[@B145-cells-09-00880],[@B146-cells-09-00880],[@B147-cells-09-00880],[@B148-cells-09-00880],[@B149-cells-09-00880],[@B150-cells-09-00880]\]. Moreover, RANK-L expression by PBMCs induced by CRP also resulted in the differentiation of osteoclast precursors into osteoclasts \[[@B151-cells-09-00880]\].

While being unaffected by factors like age, gender, and abnormalities in erythrocytes and serum proteins \[[@B151-cells-09-00880]\], CRP levels were found to positively correlate with both disease activity, histological changes in the synovium, and radiological progression and clinical parameters such as morning stiffness, pain, fatigue, grip strength, articular index, and disability \[[@B152-cells-09-00880],[@B153-cells-09-00880],[@B154-cells-09-00880],[@B155-cells-09-00880]\]. Therefore, CRP was found to be a useful marker in RA diagnosis, as well as the monitoring of disease progression and prognosis of joint damage \[[@B156-cells-09-00880],[@B157-cells-09-00880],[@B158-cells-09-00880]\].

ESR is a widely used standard laboratory test determining the speed at which erythrocytes settle within a test tube containing a blood sample of the respective patient \[[@B159-cells-09-00880]\]. In the presence of inflammatory processes, infections, autoimmune disorders (e.g., RA), but also pregnancy, anemia, certain kidney diseases, and some cancers (e.g., lymphoma and multiple myeloma) increased concentrations of fibrinogen in the blood cause a coagulation of the red blood cells (reviewed in \[[@B160-cells-09-00880]\]). In this process, the erythrocytes form stacks called "rouleaux", which settle faster in the test tube because of their increased density \[[@B160-cells-09-00880]\].

EULAR Criteria for the Diagnosis of RA
--------------------------------------

Although primarily developed for the identification of homogenous patient populations in clinical RA trials \[[@B17-cells-09-00880],[@B161-cells-09-00880]\], the 2010 ACR-EULAR (American College of Rheumatology-European League against Rheumatism) criteria can also be used by physicians to diagnose RA \[[@B7-cells-09-00880],[@B17-cells-09-00880],[@B161-cells-09-00880]\]. Hereby, the 2010 EULAR criteria incorporate all of the above discussed diagnostic parameters: joint involvement, abnormalities in CRP and ESR, presence of RA-specific autoantibodies, and overall symptom duration.

Using the 2010 EULAR criteria joint involvement is graded with 0--5 points depending on the number and size of the involved joints (requiring the presence of at least one clinically swollen joint), up to three points are given depending on the presence and concentration of ACPAs and RF autoantibodies, and one point each for presence of abnormal levels of CRP and increased ESR as well as the overall duration of disease symptoms ([Figure 3](#cells-09-00880-f003){ref-type="fig"}). This classification allows for a maximum disease score of 10 points (see [Figure 3](#cells-09-00880-f003){ref-type="fig"}) and a RA diagnosis is made if (1) the overall score of the patient is greater than six and (2) other causes for synovitis (e.g., other inflammatory arthritic conditions, infection, or trauma) can be excluded \[[@B2-cells-09-00880]\]. Overall, the sensitivity of the 2010 EULAR criteria was reported to be 82% with a specificity of 61% \[[@B17-cells-09-00880]\].

5. Treatment of RA {#sec5-cells-09-00880}
==================

Once RA is diagnosed in a patient, the overall treatment target is to either reach full remission or at least significantly lower disease activity within a span of approximately 6 months in order to prevent joint damage, disability, and systemic manifestations of RA \[[@B7-cells-09-00880],[@B129-cells-09-00880]\].

The importance of prompt and targeted RA treatment is underlined by the fact that 80% of insufficiently treated patients will have misaligned joints and 40% of patients will be unable to work within 10 years of disease onset \[[@B7-cells-09-00880],[@B162-cells-09-00880],[@B163-cells-09-00880]\].

To achieve the treatment goals, treatment should be initiated promptly and continuously with frequent reassessment of both the state of the disease and the effectiveness of the applied treatment strategy. Until the early 1990s the common treatment strategy of RA was based on a treatment pyramid consisting of bed rest, the administration of non-steroidal anti-inflammatory drugs (NSAIDs), and if these treatments failed disease-modifying anti-rheumatic drug (DMARD) therapy \[[@B129-cells-09-00880]\]. However, the efficacy of this treatment strategy was limited and within years rheumatoid arthritis frequently resulted in joint destruction, disability, inability to work, and increased mortality \[[@B164-cells-09-00880]\].

Fortunately, the repertoire of therapeutic drugs with benefit in the treatment of RA has grown steadily in the last 30 years. Currently, the available drug classes include NSAIDs, immunosuppressive glucocorticoids, and DMARDs. Drug treatment is typically supplemented by non-pharmacological treatment which includes physical therapy to sustain joint mobility and patient counselling to slow down disease progression (see [Figure 4](#cells-09-00880-f004){ref-type="fig"}).

NSAIDs like for example aspirin, diclofenac, or ibuprofen effectively reduce pain and swelling and improve joint function but are not disease-modifying since they do not prevent additional joint damage \[[@B1-cells-09-00880]\]. Mechanistically, the anti-inflammatory properties of NSAIDs can be mainly attributed to the inhibition of prostanoid biosynthesis \[[@B165-cells-09-00880]\]. Prostanoids, such as for example prostaglandin (PG) E2, PGD2, PGF2α, thromboxane A2, and prostacyclin, are second messengers that interact with and activate surface expressed G-protein coupled receptors thereby modulating many cellular functions. While effectively reducing RA symptoms, the application of NSAIDs is frequently accompanied by renal-, hepatic-, gastrointestinal-, and cardiovascular side-effects (reviewed in \[[@B166-cells-09-00880]\]).

Glucocorticoids like prednisolone are highly potent anti-inflammatory drugs that delay radiologic progression in early disease stages by general suppression of gene expression \[[@B2-cells-09-00880],[@B167-cells-09-00880]\]. Despite these beneficial effects, the disease-modifying effects of glucocorticoids were described to be minimal and the long-term application of glucocorticoids is hampered by severe multisystemic metabolic side-effects such as gastrointestinal bleeding, osteoporosis, and ulcer formation \[[@B1-cells-09-00880],[@B2-cells-09-00880],[@B168-cells-09-00880]\].

Finally, DMARDs are drugs that target rheumatoid inflammation and thereby prevent further joint damage. Per definition DMARDs are drugs that, in contrast to drugs which do not prevent disease progression (e.g., NSAIDs or pain medication), interfere with the signs and symptoms of RA, improve physical function, and inhibit progression of structural joint damage \[[@B1-cells-09-00880],[@B7-cells-09-00880]\].

The available DMARDs are further subdivided into (1) conventional synthetic DMARDs (methotrexate, hydrochloroquine, and sulfadiazine), (2) targeted synthetic DMARDs (pan-JAK- and JAK1/2-inhibitors), and (3) biologic DMARDs (TNF-α inhibitors, TNF-receptor ® inhibitors, IL-6 inhibitors, IL-6R inhibitors, B cell depleting antibodies, and inhibitors of co-stimulatory molecules) ([Figure 5](#cells-09-00880-f005){ref-type="fig"}). The following sections will discuss the different available DMARDs in more detail.

6. DMARDs in the Treatment of RA {#sec6-cells-09-00880}
================================

###### Commonly used scores to quantify effectiveness of RA treatment.

**American College of Rheumatology response criteria 20/50/70 (ACR20/50/70):** Composite measure defined as either 20%/50%/70% improvement in both number of tender and swollen joints combined with 20%/50%/70% improvement in three of the following five criteria: (1) patient global assessment, (2) physician global assessment, (3) functional ability measure (via patient questionnaire), (4) visual analog pain scale, and (5) ESR/CRP level.

**Disease Activity Score 28 (DAS28):** Composite score including four disease parameters: (1) number of swollen joints (maximum is 28), (2) number of tender joints (maximum is 28), (3) increased ESR, and (4) patient global assessment. The overall score is calculated by a complex mathematical formula and scores greater than 5.1 suggest active disease, less than 3.2 low disease activity, and less than 2.6 indicate a state of remission.

**Disease Activity Score 28-C-Reactive Protein (DAS28-CRP)**: DAS28 score that uses CRP as general inflammation parameter instead of ESR.

6.1. Conventional Synthetic DMARDs {#sec6dot1-cells-09-00880}
----------------------------------

Currently, the class of synthetic DMARDs mainly comprises the three most frequently used substances methotrexate, hydrochloroquine, and sulfadiazine. Developed empirically, the definitive mode of action of these three drugs is still unknown.

### 6.1.1. Methotrexate {#sec6dot1dot1-cells-09-00880}

After RA diagnosis, methotrexate is the suggested first-line therapy for RA. Accordingly, for more than 20 years methotrexate has been predominantly used for the therapy for RA in the United States \[[@B169-cells-09-00880],[@B170-cells-09-00880]\]. Initially, it is suggested to be co-applied with low doses of glucocorticoids to efficiently and timely reduce the levels of joint inflammation \[[@B7-cells-09-00880]\]. With this initial treatment regimen 30%--50% of early RA patients are able to reach a state of either remission or low disease activity \[[@B7-cells-09-00880],[@B171-cells-09-00880],[@B172-cells-09-00880],[@B173-cells-09-00880]\]. In addition to its high effectiveness, the safety and toxicity profile of methotrexate is well known, and the costs of treatment are low if for example compared to targeted synthetic or biological DMARD therapy \[[@B174-cells-09-00880]\]. Moreover, the efficacy of both targeted synthetic of biological DMARDs is increased if these drugs are applied in combination with methotrexate, making methotrexate a staple in long-term RA treatment \[[@B7-cells-09-00880],[@B175-cells-09-00880]\].

Although its definitive mode of action is currently still unknown, several effector mechanisms were suggested to contribute to the anti-inflammatory properties of methotrexate: structurally, methotrexate is an analogue of folic acid that interferes with the activity of the dihydrofolate reductase, thereby both inhibiting nucleotide synthesis and purine metabolism \[[@B176-cells-09-00880],[@B177-cells-09-00880],[@B178-cells-09-00880]\]. By these actions, it is resulting in the production and release of adenosine, which was shown to have direct anti-inflammatory properties \[[@B2-cells-09-00880],[@B176-cells-09-00880],[@B177-cells-09-00880],[@B178-cells-09-00880]\].

Of note, many of the side-effects of methotrexate such as hair loss, stomatitis, nausea, and its hepatotoxicity are directly caused by its disruption of folate metabolism and can be prevented by the prophylactic supplementation of folate (mainly as folic acid) in patients treated with methotrexate \[[@B7-cells-09-00880],[@B179-cells-09-00880]\].

Methotrexate was speculated to decrease tissue damage in RA patients by either suppressing the accumulation of toxic compounds via tetrahydrofolate \[[@B169-cells-09-00880],[@B170-cells-09-00880],[@B180-cells-09-00880]\] or by decreasing glutathione-mediated tissue damage caused by toxic oxygen metabolites \[[@B170-cells-09-00880],[@B181-cells-09-00880]\].

Additionally, methotrexate was reported to inhibit the binding of IL-1ß to the IL-1ßR, preventing IL-1ß-induced inflammatory responses \[[@B182-cells-09-00880]\]. Moreover, methotrexate was suggested to have effects on many other enzymes such as for example methyltransferases (which are important in both B- and T cell function) \[[@B183-cells-09-00880]\].

### 6.1.2. Sulfasalazin {#sec6dot1dot2-cells-09-00880}

First produced in Sweden in the 1930s, Sulfasalazine was introduced in RA therapy because of its antibiotic activity and the supposed contribution of bacterial/viral infection to RA establishment \[[@B170-cells-09-00880]\]. Sulfasalazin, which can be efficacious in the treatment of moderate RA \[[@B2-cells-09-00880],[@B184-cells-09-00880]\], is a pro-drug that is metabolized in vivo by intestinal bacteria into its two active components sulfapyridine and 5-aminosalicylic acid \[[@B185-cells-09-00880]\].

While their exact mechanism of action is unknown, both sulfapyridine and 5-aminosalicylic acid were shown to have anti-inflammatory, immune-modulatory, and antibiotic properties \[[@B186-cells-09-00880],[@B187-cells-09-00880]\]. However, sulfapyridine was suggested to be the major therapeutic component of sulfasalazine \[[@B186-cells-09-00880],[@B187-cells-09-00880]\].

Clinically, sulfasalazine was shown to significantly improve RA treatment in comparison to placebo, improving articular index (46% improvement with sulfasalazine compared to 20% for placebo) while reducing morning stiffness (61% improvement with sulfasalazine compared to 33% for placebo), number of swollen joints (59% reduction for sulfasalazine vs. 33% for placebo), pain (42% for sulfasalazine vs. 15% for placebo), as well as patient global self-assessment (26% for sulfasalazine vs. 1% for placebo) \[[@B188-cells-09-00880],[@B189-cells-09-00880],[@B190-cells-09-00880]\]. Compared to hydrochloroquine treatment, sulfasalazine tended to improve number of swollen joints, pain, ESR (43% reduction for sulfasalazine vs. 26% for hydrochloroquine), and duration of morning stiffness (59% reduction for sulfasalazine vs. 40% for hydrochloroquine), while resulting in lower drop-out numbers due to lack of drug efficacy (5% for sulfasalazine vs. 15% for hydrochloroquine) \[[@B189-cells-09-00880],[@B190-cells-09-00880]\].

Typical side-effects of sulfasalazine include fatigue, CNS reactions, nausea, abdominal pain (dyspepsia), diarrhea, hypersensitivity reactions, and with a lower frequency neutropenia, thrombocytopenia, and pan-hypogammaglobulinaemia \[[@B191-cells-09-00880],[@B192-cells-09-00880],[@B193-cells-09-00880],[@B194-cells-09-00880]\].

### 6.1.3. Hydrochloroquine {#sec6dot1dot3-cells-09-00880}

Chloroquine and hydroxychloroquine, which are primarily used as antimalarial drugs, also display anti-inflammatory and immunomodulatory properties which make these substances suitable for the treatment of mild cases of inflammatory arthritic diseases. Of note, in the treatment of RA, hydrochloroquine was shown to only have limited structural effects on joint damage \[[@B1-cells-09-00880],[@B195-cells-09-00880]\].

The anti-inflammatory properties of the lipophilic hydroxychloroquine are likely mediated by its inhibition of both lysosomal antigen degradation and subsequent reduction in the surface presentation of antigen-derived peptide:MHC II complexes on APCs \[[@B196-cells-09-00880]\]. Together, these effects of hydrochloroquine can prevent the activation of autoreactive T cells and subsequent inflammatory responses. Furthermore, hydroxychloroquine also inhibits the production of RF antibodies and acute phase reactants as well as many different enzymes including collagenase and proteases (which directly cause cartilage breakdown) (reviewed in \[[@B197-cells-09-00880]\]).

Meta-analysis of four pooled clinical trials including approx. 600 total patients by Suarez-Almanor et al. showed that hydrochloroquine treatment provided a significant benefit in RA patients in comparison to placebo treatment without increasing the frequency of withdrawals due to either lack of efficacy or toxicity \[[@B198-cells-09-00880]\]. In these studies, hydrochloroquine was shown to improve the following outcome measures: tender joints, swollen joints, pain, both physician and patient global assessment (differences in standardized mean differences compared to placebo: tender joints: −0.33, swollen joints: −0.52, pain: −0.45, physician global assessment; −0.45, patient global assessment: −0.39), as well as ESR (weighted mean difference of 6 mm compared to placebo treatment) \[[@B198-cells-09-00880]\].

Ophthalmic toxicity is the most important side-effect in RA patients after treatment with either chloroquine or hydroxychloroquine (frequency: 4.4%--19%) \[[@B199-cells-09-00880],[@B200-cells-09-00880]\]. Importantly, retinal degeneration was shown to gradually progress even after cessation of chloroquine therapy \[[@B199-cells-09-00880],[@B201-cells-09-00880]\].

### 6.1.4. Triple Therapy with Synthetic DMARDs {#sec6dot1dot4-cells-09-00880}

Importantly, synthetic DMARDs can be co-applied simultaneously. Indeed, triple therapy with methotrexate, sulfasalazine, and hydroxychloroquine was a mainstay of RA therapy before biological and targeted synthetic DMARDs were available \[[@B1-cells-09-00880],[@B202-cells-09-00880]\]. Here, even triple therapy is more cost effective than the application of biological DMARDs (see below for costs of biological DMARDs) and recently triple therapy was shown to be as efficient as the combination treatment with methotrexate and the TNF-blocker etanercept (mean DAS scores 3.8 ± 1.4 for triple therapy vs. 3.5 ± 1.3 methotrexate plus etanercept) in patients that did not respond to monotherapy with methotrexate \[[@B1-cells-09-00880],[@B202-cells-09-00880]\]. Moreover, meta-analyses by Graudal et al. showed, that in preventing structural joint damage, combination treatment with two to three conventional synthetic DMARDs was not inferior to treatment with the combination of one biological DMARD plus one synthetic DMARD \[[@B203-cells-09-00880]\]. Here, no differences in reduction of ACR response (see [Box 1](#cells-09-00880-box001){ref-type="boxed-text"}), disease progression, disability, and withdrawals due to lack of efficacy were observed \[[@B203-cells-09-00880]\]. In line with this, several studies demonstrated comparable treatment efficacies when comparing triple therapy with the combination of a TNF-α inhibitor plus methotrexate \[[@B204-cells-09-00880],[@B205-cells-09-00880],[@B206-cells-09-00880],[@B207-cells-09-00880]\].

However, tolerability and drug-induced liver toxicity are factors limiting the utility of triple therapy. Liver toxicity with either chronically elevated levels of aminotransferases or hepatic fatty infiltration with fibrosis that can progress to liver cirrhosis are known complications in long-term treatment with methotrexate \[[@B208-cells-09-00880],[@B209-cells-09-00880]\]. Sulfasalazine also causes acute clinically relevant liver damage (jaundice, hepatic failure) in one in 1000 patients \[[@B210-cells-09-00880]\]. Cummings et al. assessed the tolerability, longevity, and efficacy of triple therapy in 119 early-onset RA patients \[[@B211-cells-09-00880]\]. In this study retention on standard triple therapy was reported to be 39 weeks \[[@B211-cells-09-00880]\]. Of the 119 patients starting triple therapy only 32% remained on triple therapy at last follow-up (median duration of treatment: 70 weeks). Reported reasons for first DMARDs withdrawal were adverse event (38%), active disease requiring switching of drugs (28%), remission (7%), and non-adherence (4%) \[[@B211-cells-09-00880]\]. Among adverse events, sulfosalazin was reported to be the most frequent cause for drug withdrawal (49%), followed by methotrexate (29%) and hydrochloroquine (13%) while the most common adverse events were upper gastrointestinal intolerance (14%) and either allergy or rash (11%) \[[@B211-cells-09-00880]\].

6.2. Targeted Synthetic DMARDs {#sec6dot2-cells-09-00880}
------------------------------

In contrast to the aforementioned conventional synthetic DMARDs, targeted synthetic DMARDs were developed specifically to target a key step in the cytokine-mediated induction of inflammatory responses, namely the JAK-STAT pathway.

Binding of either pro-inflammatory cytokines (e.g., IL-6, common γ-chain containing cytokines like IL-2 or IL-15, type I and II interferons, or granulocyte-monocyte colony stimulating factor (GM-CSF)) to their respective receptors on the surface of immune cells triggers both the recruitment of JAKs to the respective cytokine receptors and phosphorylation of the intracytoplasmic parts of these receptors by the JAKs (reviewed in \[[@B212-cells-09-00880]\]) ([Figure 6](#cells-09-00880-f006){ref-type="fig"}). This phosphorylation in turn subsequently induces the phosphorylation of different STATs ([Figure 6](#cells-09-00880-f006){ref-type="fig"}). The phosphorylated STATs then undergo a homodimerization which triggers their translocation in the respective cell's nucleus where they promote the expression of many pro-inflammatory genes that can initiate and sustain both joint inflammation and tissue damage (reviewed in \[[@B212-cells-09-00880]\]) ([Figure 6](#cells-09-00880-f006){ref-type="fig"}).

Over the last years, drugs that inhibit the different JAKs have been a significant improvement in the treatment of RA \[[@B129-cells-09-00880]\]. Tofacitinib, the first JAK inhibitor that was approved in many countries, is a pan-JAK inhibitor \[[@B129-cells-09-00880]\] that prevents the recruitment and activation of JAK1, JAK2, and JAK3 (although with higher inhibitory activity towards JAK1/2 than JAK3) and therefore the downstream activation of STAT1 and STAT5 \[[@B213-cells-09-00880]\]. In contrast to this, baricitinib is a specific JAK1/2-inhibitor \[[@B213-cells-09-00880]\].

Since all JAK inhibitors basically target different molecules belonging to the same pathway, it is readily understandable that all of these drugs have similar treatment efficacies and side-effects in RA patients \[[@B214-cells-09-00880]\].

In a 52-week, phase 3, double-blind, placebo- and active-controlled trial including 1307 patients with active RA that were receiving background therapy with methotrexate, 70% of patients treated with 4 mg baricitinib daily (a dose twice as high as the 2 mg dose approved by the FDA) reached ACR20 at week 12 compared to 40% with placebo \[[@B215-cells-09-00880]\]. Baricitinib also inhibited radiographic progression of joint damage (mean change of modified total Sharp score from baseline, 0.41 for baricitinib vs. 0.90 for placebo) \[[@B215-cells-09-00880]\]. While randomized, placebo-controlled trials have proven JAK inhibitors to be effective with an acceptable safety profile, it is noteworthy that the application of JAK inhibitors is frequently accompanied by side-effects such as increased frequency of infections (often with Herpes zoster), formation of blood clots, elevation of blood cholesterol levels, cytopenia, and gastrointestinal side-effects (bowel perforation) \[[@B214-cells-09-00880],[@B216-cells-09-00880]\].

Clinically, tofacitinib and baricitinib can both be used as monotherapy or co-applied simultaneously with methotrexate depending on the individual patient's response to treatment \[[@B129-cells-09-00880]\].

6.3. Biologic DMARDs {#sec6dot3-cells-09-00880}
--------------------

The currently approved biological DMARDs have four underlying modes of action: (1) the neutralization of either TNF-α or the TNF receptor, (2) the neutralization of IL-6 directly or the blockage of the IL-6R and the associated inflammatory signaling, (3) the inhibition of T cell co-stimulation by APCs, and (4) the depletion of B cells \[[@B217-cells-09-00880]\].

### 6.3.1. TNF-α Inhibitors {#sec6dot3dot1-cells-09-00880}

TNF-α neutralizing drugs are subdivided into neutralizing monoclonal antibodies (afelimomab, infliximab, certolizumab, adalimumab, golimumab), antibody fragments (certolizumab pegol), and soluble TNF receptor constructs (etanercept, onercept) \[[@B1-cells-09-00880]\]. TNF-α inhibitors were approved by the US Food and Drug Administration for RA therapy in the following order: etanercept (1998), infliximab (1999), adalimumab (2002), certolizumab pegol (2009), and golimumab (2009).

By neutralizing TNF-α and the inflammatory processes induced by this cytokine, these substances effectively suppress joint inflammation as well as both cartilage and bone damage. TNF-α inhibitors can be used in combination with methotrexate or other DMARDs, and are also frequently used as second-line treatments when patients fail to respond to synthetic DMARDs monotherapy.

Clinically, the TNF-α neutralizing antibody infliximab (a chimeric mouse-anti human IgG1) was shown to downregulate the production of other pro-inflammatory cytokines (IL-6 for days 1--28 compared to placebo control), reduce both leucocyte trafficking and tissue destruction, and to lead to both hematological normalization and normalized T cell responses \[[@B218-cells-09-00880]\]. However, this clinical efficacy is paralleled by frequently observed side-effects such as increased frequencies of infections \[[@B207-cells-09-00880],[@B219-cells-09-00880],[@B220-cells-09-00880]\] and non-melanoma skin cancers \[[@B221-cells-09-00880],[@B222-cells-09-00880],[@B223-cells-09-00880],[@B224-cells-09-00880],[@B225-cells-09-00880]\], but not other types of cancer \[[@B223-cells-09-00880],[@B226-cells-09-00880],[@B227-cells-09-00880],[@B228-cells-09-00880],[@B229-cells-09-00880]\].

Adalimumab is a human IgG1 monoclonal antibody that binds both soluble and transmembrane TNF-α. Several clinical trials have shown that treatment of RA patients with adalimumab results in better ACR20 responses, reduction of swollen and tender joint counts, and a decrease in mean CRP levels \[[@B230-cells-09-00880],[@B231-cells-09-00880],[@B232-cells-09-00880],[@B233-cells-09-00880]\]. Here, adalimumab improved ACR20 (52.8% for adalimumab vs. 34.9% for placebo), ACR50 (28.9% vs. 11.3%), and ACR70 (14.8% vs. 3.5%) responses at week 24 compared with the placebo-treated group \[[@B230-cells-09-00880]\]. Adalimumab administration also reduced numbers of swollen and tender joint counts, and decreased mean CRP levels at week 52 while CRP concentrations remained elevated at twice the normal range in placebo-controls \[[@B233-cells-09-00880]\]. A 10-year clinical trial also showed that patients with baseline disease duration ≤2 years who were treated with adalimumab, had both better ACR50 responses (71.9% of adalimumab treated patients vs. 52.9% in the placebo control group) and physical function (Health Assessment Questionnaire without Disability Index (HAQ-DI) \<0.5 in 60.6% of adalimumab treated patients vs. 39.5% in the placebo control), highlighting the benefit of early treatment \[[@B234-cells-09-00880]\]. As one of the second-line choices for RA treatment, patients who have failed synthetic DMARD therapy often show significant and rapid improvement of several RA-related disease activities with adalimumab monotherapy \[[@B231-cells-09-00880]\]. Here, patients treated weekly with 40 mg of adalimumab had higher ACR50 (35.0% for adalimumab vs. 8.2% for placebo) and EULAR response rates (63.1% vs. 26.4%) as well as lower mean HAQ-DI scores (−0.49 vs. −0.07) compared to placebo controls \[[@B231-cells-09-00880]\].

A clinical analysis of 14,109 patients aggregated from 71 individual adalimumab clinical trials showed that the most frequently reported serious adverse events were infections (incidence rates: 4.6/100 patient-years), pneumonia (0.7/100 patient-years), and cellulitis (0.3/100 patient-years) \[[@B235-cells-09-00880]\].

Different from infliximab and adalimumab, which are both full-length IgG1 antibodies, certolizumab pegol only consist of a Fab fragment recognizing TNF-α, conjugated with polyethylene glycol (PEG) to extend its half-life. A clinical study reported that patients previously not responding to synthetic DMARD therapy, showed improved ACR50 and ACR70 responses compared to placebo at week 24 (ACR50: 22.7% for certolizumab pegol vs. 3.7% in the placebo group, ACR70: 5.5% vs. 0%) \[[@B231-cells-09-00880]\]. In addition, physical function, arthritis pain, and fatigue were also improved after treatment for 24 weeks \[[@B231-cells-09-00880]\].

No significant life-threatening side-effects were reported from certolizumab pegol-treated RA patients. The reported side-effects included fatigue, mild skin rash, or mild upper respiratory tract infections \[[@B236-cells-09-00880]\].

Etanercept is a fusion protein combining a TNF-α receptor-2 p75 subunit with the Fc domain of a human IgG1 molecule which mediates the formation of TNF-α R2 p75:huIgG1 Fc homodimers. A clinical study involving 180 patients revealed a dose--response effect on both swollen and tender joints (number of swollen joints for placebo/0.25/2/16 mg etanercept treatment groups, 22/24/17/13) \[[@B237-cells-09-00880]\]. Moreover, treatment with etanercept improved pain and reduced duration of morning stiffness in RA patients (pain evaluation and hours of morning stiffness for placebo/0.25/2/16 mg etanercept treatment groups: 6.1/5.6/4.6/3.1 and 4.1/5.3/2.6/1.1, respectively) \[[@B237-cells-09-00880]\].

During clinical trials etanercept was well tolerated by RA patients. The percentage of treatment discontinuations due to adverse effects was reported with approximately 4% \[[@B238-cells-09-00880]\]. Here, the most frequently reported side-effects were non-upper respiratory tract infections (38%), injection site reactions (37%), upper respiratory tract infections (29%), headache (17%), and rhinitis (12%) \[[@B238-cells-09-00880]\].

There are several clinical studies comparing treatment efficacy and side-effects between infliximab, adalimumab, and etanercept \[[@B239-cells-09-00880],[@B240-cells-09-00880],[@B241-cells-09-00880],[@B242-cells-09-00880]\]. Here, it was shown that TNF-α neutralizing antibodies possess a high potential to induce the production of anti-drug antibodies (ADAs) (detection of ADAs within 18 months of treatment in either the adalimumab (19.2%--31.2% of patients) or infliximab group (17.4--29.4% of patients)) \[[@B239-cells-09-00880],[@B240-cells-09-00880],[@B241-cells-09-00880],[@B243-cells-09-00880]\]. ADAs can not only decrease drug levels in serum, but also raise safety concerns like induction of type I--III hypersensitivity responses \[[@B244-cells-09-00880]\]. A clinical study also showed that presence of anti-adalimumab ADAs increased the risk of developing thromboembolism \[[@B245-cells-09-00880]\].

The lack of the human Fc domain in certolizumab pegol reduces the possibility for ADA generation. Consequently, clinical results demonstrated that none or only low levels of ADAs were detected in certolizumab pegol-treated patients \[[@B241-cells-09-00880]\], while several studies indicated a high immunogenicity of both infliximab and adalimumab which might lead to the development of ADAs \[[@B239-cells-09-00880],[@B240-cells-09-00880],[@B241-cells-09-00880],[@B243-cells-09-00880]\]. The induction of ADAs against adalimumab and infliximab is associated with both major and minor clinical adverse effects \[[@B243-cells-09-00880]\]. Moreover, the production of ADAs is also correlated with some disease outcomes, such as the inflammation markers ESR (*p* = 0.0080) and CRP (*p* = 0.0011), which were shown to be significantly different between patients with and without the presence of ADAs \[[@B240-cells-09-00880]\].

Although there are side-effects or reports of ADA formation, taken together, all of the clinical studies still suggest, that anti-TNF-α neutralizing drugs have the capacity to significantly improve disease symptoms in RA patients compared to placebo treatment.

### 6.3.2. IL-6 Inhibitors, IL-6R Inhibitors {#sec6dot3dot2-cells-09-00880}

The development of IL-6 blockers provides another possibility for RA treatment. Monoclonal antibodies currently used in RA patients to inhibit IL-6 signaling are subdivided into (1) antibodies directly neutralizing IL-6 (elsilimomab, siltuximab, sirukumab) and (2) antibodies binding to the IL-6R blocking the pro-inflammatory signaling induced by IL-6 binding (tocilizumab, satralizumab, sarilumab).

Pro-inflammatory signaling induced by IL-6 is mediated via the binding of IL-6 to the soluble IL-6 receptor (sIL-6R) which subsequently forms a trimer with two transmembrane glycoprotein (gp) 130 subunits \[[@B134-cells-09-00880]\]. This complex of IL-6, sIL-6R, and two molecules of gp130 in turn mediates JAK activation and subsequent phosphorylation, homodimerization, and nuclear translocation of STAT-3 driving pro-inflammatory gene expression \[[@B135-cells-09-00880]\].

Tocilizumab is a humanized monoclonal antibody binding to the human IL-6R and therefore inhibiting IL-6 signaling \[[@B246-cells-09-00880]\]. Besides sarilumab (also binding to the IL-6R), it is the only approved anti-IL-6(R) antibody for the treatment of RA \[[@B247-cells-09-00880]\]. Both, tocilizumab and sarilumab are widely used in the treatment of RA \[[@B247-cells-09-00880]\]. Potential immunological effects of tocilizumab on RA include: (1) induction and expansion of B-regulatory cells, (2) reduction of pro-inflammatory cytokines, (3) decrease of T cell-related cytokine secretion as well as IL-21 production from memory/activated CD4^+^ cells, (4) downregulation of chemokine genes, (5) induction of genes associated with synovial fluid healing, and (6) increasing osteoprotegerin expression (likely blocking RANK-L-RANK signaling and inhibiting bone resorption) \[[@B248-cells-09-00880],[@B249-cells-09-00880]\]. Interestingly, during tocilizumab treatment, serum concentrations of both IL-6 (58.4 ± 13.8 pg/mL at baseline vs. 92.8 ± 82.4 pg/mL at day 14) and sIL-6R (27.7 ± 4.4 ng/mL at baseline vs. 251.4 ± 24.7 ng/mL at day 42) were shown to significantly increase \[[@B250-cells-09-00880]\].

Clinical research suggests that tocilizumab does not inhibit IL-6 production directly, instead, as long as free tocilizumab is detectable, the sIL-6R is saturated with tocilizumab \[[@B250-cells-09-00880]\]. This tocilizumab-sIL-6R immune complex in turn extends the half-life of sIL-6R and inhibits sIL-6R-mediated catabolism of IL-6, resulting in increased serum concentrations of both IL-6 and sIL-6R \[[@B250-cells-09-00880]\]. Clinically, tocilizumab shows beneficial effects in many RA patients, including patients with an insufficient response to traditional synthetic DMARDs, methotrexate, or TNF-α inhibitors \[[@B251-cells-09-00880]\]. These effects include improvement of RA symptoms, reduction of ESR (−3.3 mm compared to baseline before treatment) and mean CRP levels (−10.27 in tocilizumab treated patients vs. −3.0 in the group with continuous TNF-inhibitor treatment), reduced arterial stiffness, and higher ACR20/50/70 (47.3%/20.9%/8.1% of patients reaching criteria) response rates \[[@B248-cells-09-00880],[@B249-cells-09-00880]\].

The most common side-effect of tocilizumab application are skin- and subcutaneous infections \[[@B251-cells-09-00880]\]. Nevertheless, infection rates are rather low and comparable to those observed upon treatment with anti-TNF-α antibodies \[[@B251-cells-09-00880]\]. Other adverse effects include dyslipidemia, neutropenia, thrombocytopenia, and enhanced levels of liver enzymes \[[@B252-cells-09-00880]\]. While tocilizumab's overall efficacy and safety profiles are similar to TNF-α blockers when combined with other DMARDs (such as methotrexate), tocilizumab also shows differences especially in its potential when used as monotherapy, such as low production of ADAs and more effective improvement of certain disease symptoms such as anemia and fatigue \[[@B252-cells-09-00880]\].

Sarilumab is a fully humanized monoclonal antibody that also binds to IL-6R. Compared with tocilizumab, sarilumab has both a 15--22-fold higher binding affinity to IL-6R and a prolonged half-life \[[@B253-cells-09-00880]\]. However, the overall efficacy and safety of sarilumab appears to be comparable with tocilizumab, with for example mean CRP levels (23.8 for sarilumab vs. 24.9 for tocilizumab), tender joint counts (24.7 vs. 23.5), HAQ-DI (1.71 vs. 1.78), and incidence of reported adverse effect (70.6% vs. 66.7%) being nearly identical between both drugs \[[@B254-cells-09-00880],[@B255-cells-09-00880]\]. In addition, preclinical trials demonstrated, that treatment with sarilumab resulted in reduced loss of cartilage matrix components, as well as reductions in both inflammatory- (synovitis and pannus formation) and erosive (bone erosion and loss of tissue architecture) parameters compared to control antibody treatment \[[@B256-cells-09-00880]\].

Infections, elevations in alanine aminotransferase levels, and neutropenia were the most common side-effects in sarilumab-treated RA patients \[[@B257-cells-09-00880],[@B258-cells-09-00880]\]. Severity of neutropenia was shown to be dosage-dependent, while there was no relationship between the grade of neutropenia and the frequency of infections \[[@B257-cells-09-00880]\].

Apart from tocilizumab and sarilumab, other IL-6 neutralizing antibodies are not yet approved for RA treatment, but can be used for treating multicentric Castleman's disease. However, in vivo studies have indicated the potential of IL-6 neutralizing antibodies for RA treatment \[[@B259-cells-09-00880],[@B260-cells-09-00880]\]. RA patients treated with sirukumab had significantly higher ACR20/50 (ACR20: 71.4% for sirukumab vs. 17.6 for placebo control, ACR50: 28.6% vs. 5.9%) and DAS28-CRP response rates (2.1 vs. 0.6), as well as improvement in fatigue scores and depressive symptoms \[[@B259-cells-09-00880],[@B260-cells-09-00880]\].

### 6.3.3. Inhibitors of Co-Stimulation {#sec6dot3dot3-cells-09-00880}

Abatacept is currently the first member of a new class of biological agents suppressing the induction of inflammation upstream of the pro-inflammatory signaling cascade. Abatacept is a chimeric molecule consisting of the extracellular domain of the co-inhibitory molecule CTLA-4 fused to the Fc portion of a human IgG1 antibody \[[@B261-cells-09-00880]\]. By neutralizing binding of the CTLA-4 part to either CD80 or CD86 on the surface of activated APCs, abatacept prevents CD80/86-mediated transmission of co-stimulatory signals from APCs to T cells and therefore subsequent T cell activation \[[@B262-cells-09-00880]\]. Abatacept was approved for the treatment of adults with moderate-to-severe active RA that have either insufficient responses or intolerances to other DMARDs or TNF-α inhibitors \[[@B263-cells-09-00880]\].

Mechanistically, Okada and colleagues showed abatacept to inhibit osteoclast differentiation, reduce the expression of nuclear factor of activated T cells c 1(NFATc1), and suppress calcium oscillations in bone marrow-derived macrophages in vitro in an FcyR-dependent manner \[[@B264-cells-09-00880]\]. In fibroblast-like synoviocytes, abatacept treatment reduced levels of MMP1, MMP3, and MMP15 by 50%--60%, while also inhibiting cell migration in a MAPK-dependent way \[[@B265-cells-09-00880]\].

In addition, human B cells, which can also act as APCS, were shown to be a direct target of abatacept where the drug reduced both surface CD80 and CD86 expression by dynamin-dependent internalization as well as the formation of memory B cells without generally affecting B cell development \[[@B266-cells-09-00880]\]. As suggested by Lorenzetti and colleagues, reduced surface expression of the co-stimulatory molecules CD80 and CD86 on B cells may impair their ability to provide co-stimulation to T cells as well as the selection and maintenance of autoreactive memory- and plasma cells \[[@B266-cells-09-00880]\]. In line with this, long-term treatment with abatacept was repeatedly shown to reduce autoantibody levels in RA patients by 50%--90% \[[@B266-cells-09-00880],[@B267-cells-09-00880]\]. Therefore, the anti-inflammatory effects of abatacept were more pronounced in RA patients with higher levels of both ACPAs and RF autoantibodies \[[@B268-cells-09-00880],[@B269-cells-09-00880]\].

Clinically, abatacept was shown to significantly improve ACR20, -50, and -70 values in comparison to placebo treatment \[[@B270-cells-09-00880]\]. In the same study, 17.1% of patients treated with abatacept reached low levels of disease activity, and 10% were able to achieve complete remission compared to either 3.1% or 0.8% in the placebo control group, respectively \[[@B270-cells-09-00880]\]. In the AGREE trial (Abatacept study to Gauge Remission and joint damage progression in methotrexate-naive patients with Early Erosive rheumatoid arthritis) combination treatment with abatacept plus methotrexate was shown to be more effective than treatment with methotrexate alone \[[@B271-cells-09-00880]\]. Here, both 1-year DAS28-CRP remission rates (adjusted mean changes from baseline in DAS28 CRP were -3.22 for abatacept + methotrexate vs. −2.49 for methotrexate alone) and ACR20, −50 (57.4% of patients achieving ACR50 at one year with abatacept + methotrexate vs. 42.3% with methotrexate alone), −70 (42.6% versus 27.3%) response rates as well as other major clinical response rates were significantly higher while radiographic progression rates were significantly lower in the patient collective that received the combination treatment \[[@B271-cells-09-00880]\]. In another study comparing abatacept monotherapy with combination therapy of abatacept and methotrexate, abatacept showed either higher or at least comparable efficacy (depending on the time point analyzed) \[[@B272-cells-09-00880]\]. Here, DAS28 CRP-defined remission (DAS28 CRP \<2.6 in 60% of patients treated with abatacept plus methotrexate compared to 45.2% for methotrexate only at 12 months), ACR20, -50, -70 responses, tender and swollen joint counts, patient- as well as physician assessments of pain and disease activity, and the clinical parameters CRP and ESR were all improved compared to placebo treatment \[[@B272-cells-09-00880]\]. These results suggest that abatacept could also be used in monotherapy approaches.

There are some clinical studies that directly compared abatacept with adalimumab (both on background treatment with methotrexate), which indicate some benefits of abatacept over the TNF-α inhibitor \[[@B273-cells-09-00880],[@B274-cells-09-00880],[@B275-cells-09-00880]\]: two AMPLE studies (Abatacept versus Adalimumab Comparison in Biologic-Naïve RA Patients with Background Methotrexate) showed that the overall disease outcome, improvement on tender and swollen joint count (69.4% ± 2.9% improvement in swollen joint count for abatacept vs. 69.3% ± 2.9% for adalimumab), physician's global assessment (63.6% ± 4.8% for abatacept vs. 62.8% ± 4.7% for adalimumab), CRP levels, pain (mean ± SEM improvements in pain at year 2: 53.7% ± 6.2% for abatacept vs. 38.5% ± 6.1% for adalimumab), fatigue, as well as ability to perform both work and daily activities were comparable between abatacept and adalimumab \[[@B273-cells-09-00880],[@B274-cells-09-00880]\]. Moreover, the improvement in ACR50 response rates over 2 years was also similar (44.7% for abatacept vs. 46.6% for adalimumab) \[[@B274-cells-09-00880]\]. However, there were less discontinuations in the abatacept group compared with adalimumab due to adverse effects (3.8% for abatacept vs. 9.5% for adalimumab), a lower frequency of serious adverse events (1.6% vs. 4.9%) and severe infections (0/12 vs. 9/19 patients), as well as reduced occurrence of injection site reactions (4.1% vs. 10.4%) \[[@B274-cells-09-00880]\]. Economically, abatacept was suggested to be a cost-effective alternative to adalimumab in patients with higher ACPAs by Alemao and colleagues after analyzing 646 randomized patients treated with either abatacept or adalimumab (both in combination with methotrexate treatment) \[[@B275-cells-09-00880]\].

Abatacept is generally well tolerated by RA patients with the most frequent side-effects being upper respiratory tract infections, headaches, and nausea \[[@B276-cells-09-00880]\]. Thus, abatacept is contraindicated in patients with ongoing severe or uncontrolled infections \[[@B276-cells-09-00880]\]. While infection was the most frequent side-effect of abatacept therapy \[[@B277-cells-09-00880]\], patients treated with abatacept were shown to have a reduced risk of hospitalized infections as well as severe infusion/injection reactions compared to other biological DMARDs \[[@B278-cells-09-00880]\]. Of note, co-administration of abatacept and TNF-α inhibitors is not recommended because of the increased risk of severe infections \[[@B276-cells-09-00880]\]. In contrast, the risk of malignancies induced by abatacept was shown to be not significantly different from other conventional synthetic or biological DMARDs \[[@B278-cells-09-00880]\]. Immunogenicity of abatacept was shown to be low with only 4.8% of patients developing antibodies to the molecule \[[@B276-cells-09-00880]\].

### 6.3.4. B Cell Depleting Antibodies {#sec6dot3dot4-cells-09-00880}

While, compared to the activation of autoantigen-specific T cells, autoantibodies are probably not the major driving factor in the establishment of RA, elevated levels of autoantibodies such as RF or ACPAs are highly specific for RA and can precede the onset of the disease by many years \[[@B104-cells-09-00880],[@B279-cells-09-00880]\]. Furthermore, immune complexes containing RF or ACPAs may lead to the activation of macrophages resulting in an increased production of TNF-α and CXCL8 which are associated with the manifestation of the disease \[[@B110-cells-09-00880]\]. Thus, several B cell targeting therapies have been investigated in the last years with rituximab being the only one approved by the FDA in 2006 \[[@B104-cells-09-00880]\]. It is indicated for RA patients with moderate to severe disease who do not respond adequately to treatment with other DMARDs or at least one TNF inhibitor. Finckh et al. revealed that switching to rituximab after initial therapy failure with one TNF inhibitor was significantly better than switching to a second TNF inhibitor (61% of patients treated with rituximab had an improvement in DAS28 of more than 1.2 units compared to 37% with anti-TNF, decrease in DAS28 21.34 with rituximab compared to 20.93 for alternative anti TNF treatments at 6 months) \[[@B280-cells-09-00880]\]. Clinically, combination treatment of either cyclophosphamide or methotrexate with rituximab was shown to be both safe and effective for the treatment of RA without resulting in an increased predisposition to infections (compared to placebo) or adversely modifying immunoglobulin levels in patients \[[@B281-cells-09-00880]\].

While rituximab is overall well tolerated by RA patients, side-effects can include infections, infusion reactions, nervous system disorders, gastrointestinal disorders, and development of psoriasis \[[@B282-cells-09-00880]\].

Rituximab is a chimeric (mouse/human) monoclonal IgG1 antibody with reactivity against the B cell surface molecule CD20 \[[@B104-cells-09-00880],[@B283-cells-09-00880]\]. Originally, it was developed for the treatment of B cell malignancies such as non-Hodgkin's lymphoma \[[@B284-cells-09-00880]\]. CD20 is a membrane calcium channel expressed during B cell development starting at the pre-B cell level while being absent from either bone marrow stem cells, pre-B cells, or antibody-producing plasma cells \[[@B104-cells-09-00880],[@B279-cells-09-00880]\]. In treated patients repeated administration of rituximab effectively depletes CD20 positive B cells via either (1) antibody-dependent cellular cytotoxicity, (2) complement-mediated cytotoxicity, or (3) apoptosis \[[@B285-cells-09-00880]\]. Consequently, application of rituximab leads to a targeted depletion of B cells in the peripheral blood but only partial depletion of tissue resident B cells \[[@B104-cells-09-00880],[@B279-cells-09-00880],[@B283-cells-09-00880]\].

A recent study revealed that 4 weeks after rituximab treatment a decrease of naïve and unswitched memory B cells as well as CD21^+^CD23^+^IgD^high^IgM^variable^ follicular B cells occurred \[[@B280-cells-09-00880]\]. Furthermore, rituximab results in a diminished activation of T cells shown by significantly reduced frequencies of CD3^+^CD4^+^CD69^+^ T cells in treated patients \[[@B279-cells-09-00880]\].

However, B cell depletion by rituximab treatment was shown to be incomplete as both memory B cells and plasma cell precursors can be still detected in more than half of the RA patients after the first rituximab infusion \[[@B283-cells-09-00880]\]. In addition, tissue resident B cells are not fully depleted by the treatment. Ramwadhdoebe et al. demonstrated an increased frequency of CD21^+^CD23^+^IgD^high^IgM^variable^ follicular B cells in lymph node biopsies of RA patients \[[@B279-cells-09-00880]\]. Absence of autoantibodies, high DAS scores, or previous failure of other biologics are associated with decreased response to rituximab. Interestingly, low frequency of CD27^+^ memory B cells may predict better clinical responses to rituximab in RA patients \[[@B104-cells-09-00880]\].

6.4. Limitations of DMARD Therapy {#sec6dot4-cells-09-00880}
---------------------------------

While DMARDs have repeatedly demonstrated the potential to greatly improve disease symptoms and prevent disease progression in RA patients, they also have considerable side-effects ([Figure 7](#cells-09-00880-f007){ref-type="fig"}).

In general, conventional synthetic DMARDs, which have been in use for decades at this point, are considered to have less side-effects than either targeted or biological DMARDs \[[@B286-cells-09-00880]\]. For conventional synthetic DMARDs the profile of side-effects is well characterized including cytopenia, rash, poor tolerability (with nausea, fatigue, hair loss, and stomatitis), as well as in rare cases interstitial lung disease and liver damage (characterized by elevated levels of transaminases) \[[@B129-cells-09-00880]\].

Due to their overlap in inhibiting pro-inflammatory effector mechanisms, the side-effects associated with the use of targeted synthetic DMARDs and biological DMARDs are similar. Observed side-effects with both classes of DMARDs include increased frequencies of infections, elevated levels of cholesterol, cytopenia (lymphopenia or neutropenia), and gastrointestinal side-effects \[[@B129-cells-09-00880]\].

In addition, usage of biological DMARDs may result in elevated levels of transaminases, induction or reactivation of autoimmune conditions such as multiple sclerosis and psoriasis, as well as worsening congestive heart failure \[[@B129-cells-09-00880],[@B287-cells-09-00880],[@B288-cells-09-00880]\]. Here, the more frequently observed serious infections include Herpes zoster and other viral infections upon application of targeted synthetic DMARDs \[[@B129-cells-09-00880],[@B289-cells-09-00880]\] and the reactivation of latent tuberculosis infections by biological DMARDs (with the exception of rituximab) \[[@B290-cells-09-00880],[@B291-cells-09-00880]\]. Therefore, screening for and treatment of latent tuberculosis infections must be conducted before commencing treatment with biological DMARDs.

In addition, the use of biological DMARDs during pregnancy is discussed controversially \[[@B1-cells-09-00880],[@B291-cells-09-00880]\]. The idea of treating pregnant women with anti-TNF antibodies was met with skepticism because of their capacity to be transferred from the mother to the unborn child via the umbilical cord. Indeed, in children born to mothers receiving anti-TNF treatment during pregnancy, both adalimumab and infliximab could be detected in the infant's bloodstream until 12 months of age \[[@B292-cells-09-00880]\].

In contrast to these findings, results reported by both Mariette and Förger et al. suggested a lack of active transplacental transfer of certolizumab pegol in pregnant women due to its lack of the Fc moiety \[[@B293-cells-09-00880],[@B294-cells-09-00880]\]. Analysis of the UCB Pharma database in 2017 including data from 1137 prospectively reported pregnancies did not show evidence of a potential teratogenic effect or an increased risk of fetal death caused by certolizumab, compared to the general population \[[@B295-cells-09-00880]\]. In line with this, other studies found no correlation between the usage of biological DMARDs and adverse pregnancy outcomes \[[@B296-cells-09-00880]\] or increased rates of pregnancy-related complications \[[@B297-cells-09-00880]\].

Moreover, in contrast to conventional synthetic DMARDs therapy, either biological or targeted synthetic DMARDs therapy is associated with a high financial cost, which currently prevents its widespread application in financially restricted settings. Here, the cost of treatment varies between 10,000 Euro (Europe) and 36,000 USD (USA) per year depending on the applied DMARDs and geographical region \[[@B7-cells-09-00880]\]. Treatment costs can be reduced by the use of biosimilars, if available \[[@B298-cells-09-00880]\].

7. Novel Experimental Strategies in the Treatment of RA {#sec7-cells-09-00880}
=======================================================

Currently, several strategies to improve the treatment of RA are investigated in experimental animal models. Among others, these include mesenchymal stem cells, application of NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inhibitors, and the targeting of either GM-CSF, GM-CSF receptor, or Toll-like receptor 4.

7.1. Mesenchymal Stem Cells {#sec7dot1-cells-09-00880}
---------------------------

Mesenchymal stem cells (MSCs) are multipotent stromal cells, capable of differentiating into mesenchymal tissues such as bone and cartilage \[[@B299-cells-09-00880]\], that have also been shown to have immunosuppressive capacities by inhibiting T cell activation in vitro \[[@B300-cells-09-00880],[@B301-cells-09-00880],[@B302-cells-09-00880]\]. Zheng and coauthors stimulated T cells, that were collected from either peripheral blood or synovial fluid of RA patients, with MSCs to explore their therapeutic potential. Here, MSCs significantly suppressed both type II collagen (CII)-stimulated T cell proliferation and T cell activation \[[@B303-cells-09-00880]\]. In addition, MSCs inhibited IFN-γ and TNF-α secretion from both CD4^+^ and CD8^+^ T cells, which was paralleled by increased production of IL-10 and restored IL-4 secretion \[[@B303-cells-09-00880]\]. An in vivo study indicated that treatment with MSCs obtained from different sources (bone marrow, umbilical cord, or human exfoliated deciduous teeth) in a mouse model of collagen-induced arthritis significantly improved bone erosions, synovitis, and articular destruction \[[@B304-cells-09-00880]\]. This improvement of clinical symptoms was paralleled by reduced levels of the pro-inflammatory cytokines TNF-α and IL-1β both in serum and joints \[[@B304-cells-09-00880]\].

Two initial clinical studies also started to evaluate the safety and potential of umbilical cord blood-derived MSCs on RA patients \[[@B305-cells-09-00880],[@B306-cells-09-00880]\]. Here, no adverse events were observed after intravenous infusion of MSCs, while MSC-treated patients showed a tendency towards decreasing Th17 populations and reduced levels of IL-1β, IL-6, IL-8, and TNF-α in peripheral blood \[[@B305-cells-09-00880],[@B306-cells-09-00880]\]. However, disease outcome indicators such as CRP, RF, or ESR were not significantly improved either 6 or 12 months after MSCs treatment \[[@B306-cells-09-00880]\].

7.2. Inhibition of NOD-, LRR-, and Pyrin Domain-Containing Protein 3 (NLRP3) {#sec7dot2-cells-09-00880}
----------------------------------------------------------------------------

NLRP3 is an intracellular sensor belonging to the family of NOD-like receptors, which can form inflammasome complexes that regulate IL-1β secretion after detection of a wide array of danger signals \[[@B307-cells-09-00880]\]. Components of the NLRP3 inflammasome have recently been found to be expressed in RA patient's synovia \[[@B308-cells-09-00880]\]. These results indicated that inflammasome activation may contribute to pro-inflammatory cytokine secretion in RA patients making inflammasome inhibition a possible therapeutic strategy in the future treatment of RA. In line with this, Guo et al. demonstrated the NLRP3 inflammasome to be strongly activated both in synovia of RA patients and in an in vivo mouse model of collagen-induced arthritis \[[@B309-cells-09-00880]\]. Here, treatment with MCC950, a selective NLRP3 inhibitor, resulted in both significantly reduced joint inflammation and bone destruction as well as reduced production of IL-1β in vivo \[[@B310-cells-09-00880]\].

7.3. Targeting of GM-CSF and GM-CSF Receptor {#sec7dot3-cells-09-00880}
--------------------------------------------

GM-CSF is known as a pro-inflammatory cytokine that acts at the interface between innate and adaptive immunity. Several studies have shown both GM-CSF levels to be increased in synovial fluid and plasma of RA patients and the GM-CSF Receptor (GM-CSFR) to be overexpressed in synovial tissue obtained from RA patients \[[@B310-cells-09-00880],[@B311-cells-09-00880],[@B312-cells-09-00880]\]. Cook et al. could show in a mouse model of collagen-induced arthritis, that antibody-mediated neutralization of GM-CSF improved overall disease severity \[[@B313-cells-09-00880],[@B314-cells-09-00880]\]. Therefore, several monoclonal antibodies targeting either GM-CSF or GM-CSFR were produced and analyzed. Mavrilimumab (CAM-3001), a monoclonal antibody against the GM-CSFR alpha chain, was shown to improve ACR50 responses compared to placebo in different clinical trials (30.8% for mavrilimumab vs. 12.0% for placebo at week 12; 28.4% vs. 12.3%, at week 24, respectively) \[[@B315-cells-09-00880],[@B316-cells-09-00880]\]. Moreover, namilumab (MT203), lenzilumab (KB003), and gimsilumab (MORAb-022) are fully humanized monoclonal IgG1 antibodies targeting GM-CSF \[[@B317-cells-09-00880]\]. Among these antibodies, namilumab is the only antibody with published data from a phase II clinical trial, indicating that namilumab (dosage 150 mg/every 4 weeks) improved both ACR50 responses (at week 12: 42.9% vs. 14.3%) and DAS28-CRP responses compared to placebo treatment \[[@B318-cells-09-00880]\].

7.4. Toll-Like Receptor 4 (TLR4) Targeting {#sec7dot4-cells-09-00880}
------------------------------------------

TLRs play an important role in the initiation and maintenance of both innate and adaptive immune responses. Several endogenous TLR4-ligands such as the small heat shock protein crystalline, B8, or tenascin C are present in the synovial membrane, where they promote joint inflammation with a confirmed role for TLR4 in the pathogenesis of RA \[[@B319-cells-09-00880],[@B320-cells-09-00880]\]. In a mouse model of collagen-induced arthritis, TLR4 deficient mice also showed reduced cartilage destruction, lower ACPA production, and decreased IL-17 concentrations compared to wild-type controls \[[@B321-cells-09-00880]\]. Recently, the first humanized monoclonal antibody targeting TLR4, NI-0101, was tested in a phase II clinical study in patients with RA that had shown inadequate responses to methotrexate. However, the authors reported no significant improvement in the ACR50 response between placebo- and NI-0101-treated groups at week 12 (20.7% in placebo- vs. 14.3% NI-0101-treated patients) \[[@B322-cells-09-00880]\].

8. Treatment Plan of RA {#sec8-cells-09-00880}
=======================

Once RA diagnosis is established, a sequential treatment strategy for the management of RA is suggested considering factors such as clinical effects (reduction of inflammation and pain vs. additional prevention of structural damage, see above), profile of side-effects, and costs of therapy ([Figure 8](#cells-09-00880-f008){ref-type="fig"}).

In a first step non-pharmacological treatment, including physical therapy to maintain joint mobility and patient counselling, is initiated to slow disease progression, which can be maintained during the whole treatment period depending on the status of the individual patient. NSAIDs are usually only used in this early disease stage to either reduce disease symptoms or until the RA diagnosis is established.

First-line RA treatment is usually performed with DMARD monotherapy \[[@B2-cells-09-00880]\]. Here, non-pharmacological treatment is usually combined with both methotrexate and glucocorticoids for a period of approx. 3--6 months to control inflammation in the newly diagnosed RA patients. Glucocorticoids are usually tapered as soon as possible because their disease-modifying effects are minimal, and their long-term application is associated with multi-systemic side-effects (see above). With this initial treatment regimen 30--50% of RA patients reach either remission or significantly reduced levels of disease activity \[[@B7-cells-09-00880]\].

In case the treatment target is not reached via methotrexate monotherapy within 3--6 months, other conventional synthetic DMARDs are usually added \[[@B2-cells-09-00880],[@B129-cells-09-00880]\]. As reported, compared to monotherapy with methotrexate alone, the addition of hydrochloroquine and sulfasalazine in a triple therapy approach allows disease control in an additional approx. 27% of RA patients \[[@B323-cells-09-00880]\].

If triple therapy does not achieve the desired outcome, patients (especially with continued high disease activity) should be treated with a combination of methotrexate and either targeted synthetic or biological DMARDs \[[@B7-cells-09-00880]\]. This drug combination results in disease control in additional 30--40% of RA patients \[[@B1-cells-09-00880]\].

Of note, biological or targeted synthetic DMARDs should not be considered as first-line treatment since many patients that respond to these drugs were shown to also respond to methotrexate alone. Here, methotrexate has both a lower cost, reduced side-effects, and frequencies of infections compared to the biological or targeted synthetic DMARDs \[[@B7-cells-09-00880]\].

During the overall treatment process, it is highly important to constantly reassess both the individual patient's disease state and treatment effectiveness to make timely adjustments.

While there are no genetic or laboratory markers identified yet that predict the response of individual patients to RA treatment, the presence of either ACPAs or RF antibodies, high disease activity despite treatment with methotrexate, early bone erosion, or cartilage destruction are usually correlated with poor prognosis \[[@B1-cells-09-00880],[@B129-cells-09-00880]\]. In contrast to this, early responses to RA treatment (measured in low disease activity after initialization of treatment) correlates with better long-term outcomes \[[@B1-cells-09-00880],[@B7-cells-09-00880],[@B324-cells-09-00880]\].

In patients with persistent remission (usually for at least 6 months), stepwise tapering of RA treatment should be considered to reduce both side-effects (especially for NSAIDs because of toxicity and glucocorticoids because of side-effects) and cost (especially for biological and targeted synthetic DMARDs) of treatment \[[@B7-cells-09-00880],[@B325-cells-09-00880]\]. The treatment goal when tapering RA medication is to maintain low disease activity with the lowest medication dose and the fewest number of drugs possible. In this context, tapering of biological DMARDs might be considered, especially if the patient is still treated with methotrexate \[[@B129-cells-09-00880]\]. If the patient stays in persistent remission after tapering of the biological DMARDs, also tapering of methotrexate can be considered \[[@B129-cells-09-00880]\].

However, two out of three patients tapering all RA drugs experience disease flare-ups within one year \[[@B17-cells-09-00880],[@B129-cells-09-00880],[@B325-cells-09-00880]\]. Therefore, dose reduction or interval increases between applications should be preferred over complete cessation of therapy \[[@B7-cells-09-00880],[@B326-cells-09-00880]\].

9. Summary and Conclusion {#sec9-cells-09-00880}
=========================

Although still incurable, both the development of DMARDs and the refinement of non-DMARD therapy have made RA a mostly manageable disease. With the combination of the different available DMARDs many patients are able to reach either full remission or at least significantly reduced disease activity if the disease is diagnosed in an early stage (see above). However, there are still many patients that do not respond to the therapies available so far, demonstrating the need to develop novel drugs/treatment strategies. In this context, markers that allow to predict either therapy outcome or the occurrence of side-effects in individual patients would be highly beneficial for RA treatment. Additionally, the benefits and risks of combinatorial treatment with different DMARDs are yet to be fully understood.

While many drugs can either delay or prevent the onset of RA (methotrexate, sulfasalazine, infliximab, etanercept, abatacept, and rituximab), these positive effects do not seem to prevail once the treatment is stopped \[[@B129-cells-09-00880],[@B240-cells-09-00880],[@B327-cells-09-00880],[@B328-cells-09-00880]\]. In line with this, the complex network of cell types, cytokines, and chemokines initiating the onset of RA and even more importantly the mechanisms underlying the maintenance of inflammation in the joint need to be further understood in order to improve the existing therapies, identify new targets, and develop new drugs. Finally, despite the great progress in the diagnosis and treatment of RA (see above), the widespread application of (especially biological and targeted synthetic) DMARD therapy is currently still hindered by the associated high costs and frequent occurrence of side-effects (such as for example liver damage, cytopenia or increased frequencies of infections and certain cancers).
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![Factors contributing to rheumatoid arthritis (RA) development. Both environmental (smoking, obesity, as well as infections with certain pathogens such as *Porphyromonas gingivialis*) and genetic factors (epigenetic modifications, genetic polymorphisms influencing antigen presentation (e.g., the HLA genes HLA-DRB1\*01/04), T- and B cell function, cytokine production, and signal transduction following immune cell activation) contribute to the development of RA. Moreover, also synovial injury and hyperplasia of synovial fibroblasts can contribute to the establishment of RA via the triggering of inflammatory conditions. Overall, these processes lead to the modification of autoantigens (mostly by citrullination) which generates neoepitopes by a loss of surface charge and an increased susceptibility to proteolytic degradation.](cells-09-00880-g001){#cells-09-00880-f001}

![Pathomechanism of RA. Inflammation in RA is induced by autoreactive Th1- or Th17 T cells primed in the lymph nodes (LN) or locally by activated Antigen-presenting cells (APCs) that present autoantigen-derived peptides. In the affected joint, activated autoreactive T cells subsequently activate macrophages and fibroblasts via the secretion of the pro-inflammatory mediators TNF-α, IL-17, IFN-γ, and receptor activator of nuclear factor KB ligand (RANK-L). Activated macrophages in turn secrete large amounts of the strongly pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 which promote the establishment and maintenance of an inflammatory milieu in the synovium. Activated T cells also provide help to autoreactive B cells resulting in the production of anti-citrullinated protein antibodies (ACPAs) and rheumatoid factor (RF) autoantibodies. These autoantibodies further drive inflammation by either direct macrophage activation of triggering the complement cascade. In addition, RANK-L produced by the activated fibroblasts promotes the differentiation of osteoclasts from macrophages. Together with fibroblast-derived matrix metalloproteases (MMPs), osteoclasts, and antibodies, activated neutrophils mediate inflammation-dependent cartilage destruction and bone erosion.](cells-09-00880-g002){#cells-09-00880-f002}

![Clinical parameters frequently used in the diagnosis of RA and their quantification using the 2010 ACR-EULAR (American College of Rheumatology-European League against Rheumatism) classification criteria. Clinical diagnosis (left) of RA relies on joint examination (mainly via sonography, but also by magnetic resonance imaging (MRI)), and the serological determination of RA-specific autoantibodies (Rehmatoid factor (RF) and ACPAs) and detection of elevated levels of C-reactive protein (CRP) and an increased erythrocyte sedimentation rate (ESR). The 2010 ACR-EULAR RA classification criteria (right). Scoring parameters are number and size of the involved joints, the presence and concentration of RA-specific ACPAs and RF autoantibodies, presence of abnormal levels of CRP and increased ESR, and overall duration of disease symptoms. According to the 2010 ACR-EULAR RA classification criteria a RA diagnosis is made if the overall score is greater than six and other causes for synovitis (see above) can be excluded.](cells-09-00880-g003){#cells-09-00880-f003}

![Overview over the available treatment strategies for RA patients. The possible treatments for RA are divided into four main strategies. Non-pharmacological treatments include a combination of physical therapy, patient counseling in lifestyle factors, and surgical procedures to remove and/or replace the affected joint and bone areas. Non-steroidal anti-inflammatory drugs (NSAIDs) are usually used only for symptomatic treatment and/or until the RA diagnosis is established since these drugs reduce pain and stiffness in the affected patients but have no influence on disease progression. In contrast to this, non-specific immune system suppression via the application of glucocorticoids has rapid disease-modifying effects but its long-term usage is limited due to severe side-effects. Finally, disease-modifying anti-rheumatic drugs (DMARDs) are used to target inflammation and prevent further joint damage and disease progression.](cells-09-00880-g004){#cells-09-00880-f004}

![Overview over the currently available DMARDs. The different DMARDs are grouped into synthetic (further subdivided into conventional and targeted synthetic DMARDs) and biological DMARDs. Biological, antibody-based, DMARDs include anti-TNF-α and anti-TNF-R antibodies, anti-IL-6- and anti-IL-6R antibodies, B cell depleting anti-CD20 antibodies, as well as inhibitors of T cell co-stimulation. Abbreviations: JAK: Janus activated kinase, αTNF-α/αIL-6: anti-TNF-α/IL-6 antibody, sTNF-R: anti soluble TNF receptor antibody, αIL-6R: anti Il-6 receptor antibody, Fab: antibody fragment, inh.: inhibitor.](cells-09-00880-g005){#cells-09-00880-f005}

![Molecular mode of action of Janus activated kinase (JAK) inhibitors. Binding of pro-inflammatory cytokines (e.g., IL-6, common γ-chain-containing cytokines (e.g., IL-2 or IL-15), type I and II interferons, or granulocyte-monocyte colony stimulating factor (GM-CSF)) to their respective receptors on the surface of immune cells triggers the recruitment of JAKs. JAKs subsequently phosphorylate the intracytoplasmic parts of the respective receptors, inducing the phosphorylation, auto-homodimerization, and nuclear translocation of different signal transducer and activator of transcription (STAT) molecules. In the respective cell's nucleus STAT dimers promote the expression of many pro-inflammatory genes that initiate and sustain joint inflammation and tissue damage. The targeted DMARDs tofacitinib and baricitinib inhibit this activation of JAKs and thereby prevent immune cell activation and subsequent inflammatory responses.](cells-09-00880-g006){#cells-09-00880-f006}

![Common side-effects of the available DMARDs. The side-effects are subdivided into the three DMARD classes conventional synthetic, targeted synthetic, and biological. Of note, in addition to common side-effects such as GIT problems, cytopenia, elevation of cholesterol, and liver damage, both targeted synthetic and biological DMARDs result in increased frequencies of infections, likely caused by the inhibition/neutralization of the respective inflammatory mediators and therefore the induction of protective immune responses. TB: tuberculosis.](cells-09-00880-g007){#cells-09-00880-f007}

![Common treatment plan for the management of RA. Upon initial RA diagnosis (see above) non-pharmacological treatment is provided alongside the application of methotrexate and short-term application of glucocorticoids to reduce joint inflammation, resulting in remission/significantly lower disease activity rates in 30--50% of patients. In non-responsive patients triple therapy consisting of the addition of the conventional synthetic DMARDs hydrochloroquine and sulfadiazine to methotrexate treatment can achieve remission in an additional 10--27% of the patients. Subsequent application of either JAK inhibitors or biological DMARDs can achieve remission/reduced disease activity in an additional 30--40% of RA patients. For optimal treatment it is necessary to constantly reassess both the individual patient's disease state and efficacy of treatment to make timely adjustments. Once the patient has reached stable remission over at least 6 months, sequential tapering or dose reduction of the administered drugs can be considered in order to reduce treatment-associated side-effects and costs.](cells-09-00880-g008){#cells-09-00880-f008}
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